Electronic band structures of graphene thin films, in which the topmost layer possesses atomic and topological defects, are studied using the density functional theory. Our calculations showed that all graphene thin films studied here have a finite energy gap in their π electron states, although the thin films possess defect-free hexagonal networks, because of the spatially undulated local potential on pristine graphene layers induced by the defects. The energy gap in π states slightly decreases with increasing number of layers, while the gap sensitively depends on the interlayer stacking arrangement. Our analyses clarify that the interlayer interaction plays a crucial role for mediating the effect of the defects on the π electrons of pristine layers.
It has been reported that the interlayer interaction [16] [17] [18] [19] [20] and defects 21-26) substantially modulate the electronic structure of graphene from metallic to semiconducting or magnetic. These facts lead to an idea that allows us to tune the electronic structures of graphene thin films by controlling the stacking arrangement and defect species implanted. Indeed, in our previous work, 27) we demonstrated that bilayer graphene possesses a finite energy gap in the π states upon introducing defects in one of the two layers. The gap in the π states of the bilayer graphene sensitively depends on the defect species and their mutual stacking arrangement. The gap is ascribed to the cooperation between the spatially undulated electrostatic potential on a pristine layer caused by the defects and the interlayer interaction.
In this work, we aim to give further theoretical insight into the effect of atomic and topological defects on the electronic structures of multilayer graphene, and to show the possible procedure to tune the band structures of graphene thin films by controlling the defect species and interlayer interaction, within the framework of the density functional theory. Our calculations show that the energy gap of the bilayer graphene monotonically decreases with increasing interlayer spacing. However, on the other hand, the gap slightly decreases with increasing number of layers. We also found that the thin films with the rhombohedral (ABC) stacking have considerably larger gaps than do those with the hexagonal (AB) stacking, indicating that the interlayer hybridization plays a crucial role in controlling the electronic structures of graphene thin films, one of which layer possesses defects. Our findings lead to a possible procedure for tuning the electronic structures of graphene thin films by chemical and physical modifications of the outermost layer of the thin films.
Calculation methods and structural model
All calculations were performed within the framework of the density functional theory 28, 29) using the Simulation Tool for Atom Technology (STATE) package. 30) We used the local density approximation 31, 32) to describe the exchange-correlation potential among the interacting electrons. An ultrasoft pseudopotential generated by the Vanderbilt scheme was used to describe the interaction between electrons and ions. to the layers by the effective screening medium (ESM) method.
34)
In the present work, we consider bilayer, trilayer, and tetralayer graphene thin films in which the topmost layer possesses atomic and topological defects ( Fig. 1) . For the defects, we consider monovacancy (MV), divacancy (DV), hexagonal vacancy (V6), and Stone-Wales (SW) defects per 4×4 lateral periodicity of graphene. Although the lateral lattice parameter strongly depends on the defect species and densities, we fixed the lateral parameter as 0.98 nm, which corresponds to that of a 4×4 lateral cell of pristine graphene, to satisfy the commensurability condition between pristine and defective layers. For the bilayer graphene, we consider the hexagonal stacking arrangement under various interlayer spacings from 0.34 to 0.55 nm to clarify how the interlayer spacing affects the electronic structure of bilayer graphene, one of which layers possesses the defects. For the trilayer and tetralayer graphene thin films, we consider both hexagonal and rhombohedral stacking arrangements to clarify the effect of the stacking arrangement on the π gap of the graphene thin films. During calculations for the trilayer and tetralayer graphene, we fixed the interlayer spacing at 0.34 nm. Atomic structures of graphene and graphene with defects are optimized under the lateral cell of 0.98 nm until the force acting on each atom is less than 1.33×10 −3 HR/au. Integration over the Brillouin zone was carried out using an equidistance mesh of 4×4×1 k points for graphene thin films with 4×4 lateral periodicity, which correspond to the 16×16×1 k-point grid for the primitive cell of graphene, resulting in sufficient convergence in their electronic structures.
Results and discussion
Figure 2 Solid and dotted lines denote regions where the potential increases and decreases from that of the isolated graphene without defects, respectively.
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bands are localized on the defects, so that the states are not expected to contribute to electron transfer through the thin films. Therefore, the thin films with monovacancies may exhibit a semiconducting transport property by tuning the Fermi level, although they still contain perfect hexagonal networks.
By focusing on the electrostatic potential on each atomic layer of trilayer graphene with monovacancies, we find that the interlayer stacking arrangement also affects the potential on the pristine layers: The potential undulation in the pristine layer in the trilayer graphene with the hexagonal stacking is smaller than that with the rhombohedral stacking. Furthermore, we observe substantial potential undulation on the third layer of the thin films which is separated by 0.68 nm from the defective graphene layer. Therefore, the interlayer interaction mediates the potential modulation due to the monovacancy. With increasing number of layers, the tetralayer graphene thin films, in which the topmost layer possesses the defects, still have finite energy gaps in π states on pristine layers depending on defect species and stacking arrangement. Table I tetralayer graphene thin films, although the thicknesses of these films are greater than the critical spacing of gap vanishing for bilayer graphene with defects. These findings corroborate the idea that the influence of defects is mediated by the orbital hybridization between graphene layers. In the case of graphene thin films with the rhombohedral stacking arrangement, all atoms belonging into inner layers have their counterparts in the adjacent atomic layers, in sharp contrast to the case of hexagonal stacking in which one of two atoms in the unit cell does not have its counterpart in adjacent layers (Fig.   1 ). In accordance with the stacking sequence, in the rhombohedral stacking, π states of all C atoms hybridize with the π states of C atoms in the adjacent layers, leading to the percolation of π states throughout the layers.
Summary
We studied the electronic structures of few-layer graphene, in which the topmost layer possesses atomic or topological defects, using the density functional theory with local density approximation. Our calculations showed that the energy gap of bilayer graphene monotonically decreases with increasing interlayer spacing and finally vanishes at the critical interlayer spacing of about 0.50 nm depending on the defect species. For the trilayer and tetralayer graphene in which the topmost layer possesses atomic and topological defects, we found that they have a finite energy gap in the π state, although the number of pristine layers increases and the thickness of the thin films is greater than the critical spacing of gap vanishing in the bilayer graphene with the defects. Moreover, we also found that the gap in such multilayer graphene with defects strongly depends on the interlayer stacking arrangement. For all atomic and topological defects studied here, the thin films with the rhombohedral stacking arrangement possess larger energy gaps in π states than those in the case of the hexagonal stacking arrangement. The findings imply that the interlayer interaction plays an important role in mediating the effect of the defects that cause the potential undulation on the pristine layers. Our findings provide a hint to a possible procedure for realizing semiconducting graphene thin films that retain perfect graphitic layers except the outermost defective layers, allowing us to utilize such graphene thin films as the semiconductor electronic devices. 
